Background: Adult-onset severe asthma is characterized by highly symptomatic disease despite high-intensity asthma treatments. Understanding of the underlying pathways of this heterogeneous disease is needed for the development of targeted treatments. Gene set variation analysis is a statistical technique used to identify gene profiles in heterogeneous samples. Objective: We sought to identify gene profiles associated with adult-onset severe asthma. Methods: This was a cross-sectional, observational study in which adult patients with adult-onset of asthma (defined as starting at age > _18 years) as compared with childhood-onset severe asthma (<18 years) were selected from the U-BIOPRED cohort. Gene expression was assessed on the total RNA of induced sputum (n 5 83), nasal brushings (n 5 41), and endobronchial brushings (n 5 65) and biopsies (n 5 47) (Affymetrix HT HG-U1331 PM). Gene set variation analysis was used to identify differentially enriched predefined gene signatures of leukocyte lineage, inflammatory and induced lung injury pathways. Results: Significant differentially enriched gene signatures in patients with adult-onset as compared with childhood-onset severe asthma were identified in nasal brushings (5 signatures), sputum (3 signatures), and endobronchial brushings (6 signatures). Signatures associated with eosinophilic airway inflammation, mast cells, and group 3 innate lymphoid cells were more enriched in adult-onset severe asthma, whereas signatures associated with induced lung injury were less enriched in adult-onset severe asthma. Conclusions: Adult-onset severe asthma is characterized by inflammatory pathways involving eosinophils, mast cells, and group 3 innate lymphoid cells. These pathways could represent useful targets for the treatment of adult-onset severe asthma. (J Allergy Clin Immunol 2018;141:1280-90.)
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Severe asthma, affecting 3.6% of patients with asthma, 1 is a heterogeneous disease that remains uncontrolled despite treatment with high-dose systemic corticosteroids, or the need of oral steroids or biologicals to achieve disease control. 2 This group accounts for a disproportional part of the economic and health burden of asthma, emphasizing the need for the development of novel treatments. 3 A better insight in the underlying mechanisms of severe asthma and its phenotypes is therefore needed. 4 Age of onset of asthma has been recognized as an important determinant of severe asthma phenotypes with the delineation of childhood-onset versus an adult-onset phenotype. 5 Using cluster analysis of clinically available disease markers in mild to severe asthma populations has led to conflicting observations, with adult-onset asthma being either predominantly characterized by female sex and obesity, or by active airway inflammation, fixed airflow limitation, and male sex. [6] [7] [8] In addition, patients with adult-onset severe asthma not only were found to be highly symptomatic but were also more often nonatopic with the presence of eosinophilic airway inflammation or higher circulating neutrophil counts. 5, 9 Hence, adult-onset severe asthma could present with various bioclinical phenotypes. 10 Contradictory underlying mechanisms have been suggested, including T H 2-low inflammation on the one hand 11 and T H 2-high inflammation based on associations with specific IgE in a subgroup of adult-onset patients with severe asthma on the other. 12 Therefore, it is likely that multiple mechanistic pathways are involved in adult-onset severe asthma.
We have examined the gene networks underlying adult-onset severe asthma to obtain molecular phenotypes. This approach would be useful to elucidate the relevant biological pathways that may be causing late-onset asthma. In heterogeneous samples such as adult-onset severe asthma, conventional single-gene expression comparison between groups may not capture subtle variations in (composite) underlying pathways. We used gene set variation analysis (GSVA), which is a statistical technique that enables the discovery of inflammatory and leukocyte lineage gene signatures by comparing combined enrichment scores (ESs) of established and predefined gene sets, especially in heterogeneous samples. 13 We hypothesized that adult-onset severe asthma represents a complex phenotype, associated with specific airway transcriptomic profiles defined by GSVA. We aimed to discover and describe these profiles by studying the transcriptomic data obtained from nasal brushings, sputum and bronchial brushings, and biopsies collected in the adult severe asthma population of the multicenter pan-European U-BIOPRED cohort. 14 
METHODS

Design and subjects
Details on the selection of patients and data collection have been published previously.
14 In short, this was a cross-sectional, observational study using the baseline visits of the U-BIOPRED cohort from 16 clinical centers in 11 countries across Europe. A total of 421 adult patients (> _18 years) with severe asthma were included according to the Innovative Medicines Initiative (IMI) consensus statement. 15 This comprised a confirmed diagnosis of asthma and either uncontrolled disease despite treatment with high-dose inhalation medication (> _1000 mg fluticasone equivalent) and a second controller, or the need of systemic oral corticosteroids or omalizumab to achieve asthma control, regardless of smoking history. The U-BIOPRED study was registered at ClinicalTrials.gov (identifier: NCT01976767) and was approved by all Medical Ethics Boards. All patients provided written informed consent.
Data collection
All data and samples were collected according to predefined standard operating procedures.
14 Clinical data, such as age, sex, body mass index, age of onset of the disease, oral corticosteroid usage, and smoking history were collected by history taking. Control of the disease was assessed with the 7-item Asthma Control Questionnaire 16 and quality of life with the Asthma Quality of Life questionnaire. 17 Lung function was measured prebronchodilator and postbronchodilator according to standardized procedures. 18 Atopy was defined as the presence of sensitization to 1 or more common aeroallergens, identified either by a positive skin prick test result (wheal diameter > _3 mm) to an allergen extract or positive testing by analysis of allergen-specific IgE in serum (> _0.35 kU/L). Eosinophil and neutrophil counts were assessed in blood and induced sputum according to European Respiratory Society recommendations. 19 
Adult-onset asthma
Patients were qualified as adult-onset patients with severe asthma when they had their first diagnosis of asthma or onset of symptoms when they were 18 years or older, whereas childhood-onset severe asthma was defined as first symptoms on age less than 18 years. 5 
RNA sampling
For details on sampling of the nasal brushings, sputum induction and bronchial brushings, and biopsies, see this article's Online Repository at www. jacionline.org.
Microarray analyses of mRNA
Gene expression was assessed on the total RNA from all available samples from nasal brushings (n 5 41), sputum (n 5 83), bronchial brushings (n 5 65), or bronchial biopsies (n 5 47) in U-BIOPRED severe asthma cohort. There was incomplete overlap between the various samples per patient (Fig 1) . The Affymetrix HT HG-U1331 PM microarray platform (Affymetrix, Santa Clara, Calif) was used for analysis. Preprocessing and quality control were performed with multiarray average normalization (Almac, Craiganvond, United Kingdom). Subsequently, acquired CEL files were normalized, quality control was applied to exclude technical outliers (chip image analysis, Affymetrix GeneChip QC, RNA degradation analysis, distribution analysis, principal-component analysis, and correlation analysis), and renormalized using the robust multiarray method. Technical batch effects (eg, from microarray hybridization date/lot, RNA processing batch) were adjusted in the data matrices using linear modeling of batch (as random factor).
Statistical analyses
Group comparison of clinical variables. Normally distributed variables were summarized by mean 6 SD, skewed variables by median (interquartile range), and categorical variables by their frequencies and proportions. Group comparisons were done with independent t tests, MannWhitney U tests, and chi-square tests, as appropriate. Variables with a P value of less than .05 were considered significantly different.
Gene set variation analysis. GSVA is a statistical technique used for the exploration of the variation in underlying mechanisms between groups. 13 A priori, 105 sets of genes were selected, on the basis of all available gene expression publications and data on airways disease obtained from in vivo and in vitro human sample studies and in vitro murine models. These included gene sets associated with the presence of asthma, leukocytes, and those associated with induced lung injury. The latter contained sets of genes that were identified after admission of poly(I:C) (an analogue of the double-stranded RNA that is produced by respiratory viruses during infection and therefore can be used as a model for exacerbations) and bleomycin (used in murine models in research of the course of lung fibrosis) 20 (see Table E6 in this article's Online Repository at www.jacionline.org)
ESs and false discovery. ESs were calculated for each of these gene sets, on the basis of the expression of each of the genes within these sets, for each patient. Subsequently, mean ESs were calculated for each group (ie, adult-onset severe asthma and childhood-onset severe asthma). Generalized linear models, including correction for smoking status and corticosteroid usage, were used to compare ESs between the groups, with the estimate ranging from 21 to 1. To restrain false discovery, standard criteria were used by only considering those gene signatures that had differences of greater than or equal to 0.2 in ESs (dES) between the groups and P <.05 significantly differentially expressed and meaningful. This procedure follows the Microarray Consortium for Quality Control recommendations for the importance of applying group-difference thresholds. 21 
RESULTS
Of all 421 adult patients with severe asthma in the U-BIOPRED cohort, 253 (60.1%) had adult-onset severe asthma and 158 (37.5%) had childhood-onset severe asthma. Data on age of onset were lacking in 10 (2.4%) patients and these were excluded in subsequent analysis. Adult-onset patients with severe asthma had a mean age of 56.2 6 11.1 years and most (59.3%) were women (Table I) . Furthermore, patients with adult-onset severe asthma had a significantly higher number of pack-years as compared with patients with childhood-onset severe asthma and included significantly more ex-and current smokers. Finally, the adultonset patients were less often atopic and had higher absolute eosinophil blood counts and higher eosinophil percentage in sputum ( Table I) .
As expected, and in line with the patient characteristics of the complete U-BIOPRED severe asthma cohort (Table I) , adultonset patients with severe asthma in all 4 compartment subsets were significantly older than patients with severe childhoodonset asthma. In addition, eosinophil percentage in sputum was significantly higher in all subsets of patients with severe adultonset asthma. Blood eosinophil count was only significantly higher in the subset of patients from whom sputum was collected, whereas it tended to be higher in the subsets of patients from whom bronchial biopsies were collected (Table II; see Tables  E1-E4 in this article's Online Repository at www.jacionline.org).
Significant different gene signatures
In nasal brushings, 5 significantly different gene signatures were identified, in sputum 3, and in endobronchial brushings 6 (Table III; 
Asthma gene signatures
In nasal brushings, a gene signature was identified that consists of genes that are downregulated following fluticasone treatment in asthma (see Table E5 in this article's Online Repository at www.jacionline.org, signature #12). 22 This signature had a significantly higher ES in patients with adult-onset versus childhoodonset severe asthma (dES 5 0.30; P < .01) (Table III; Fig 2) , indicating a different response to treatment with inhaled corticosteroid. In addition, in bronchial brushings, 3 different gene signatures that are associated with the presence of asthma were significantly differentially enriched in patients with adult-onset compared with childhood-onset severe asthma (Table III; Fig  3) . First, a gene signature that is upregulated in association with asthma (Table E5 , signature #9) 23 was more enriched in adultonset severe asthma (dES 5 0.23; P 5.02). Second, a corresponding set of genes that is downregulated in association with asthma (Table E5 , signature #10) 23 was suppressed in adult-onset asthma (dES 5 20.21; P 5 .03), and, third, a gene signature associated with the presence of house dust mite-induced asthma (Table  E5 , signature #8) 24 was also more enriched in adult-onset severe asthma (dES 5 0.21; P 5.01). These data help validate the GSVA approach undertaken here.
Leukocyte gene signatures
Gene signatures associated with the presence or absence of leukocyte subtypes were differentially enriched in nasal brushings, sputum, and bronchial brushings in patients with adultonset compared with childhood-onset severe asthma (Table III; Figs 2-4). In bronchial brushings, a gene signature associated with eosinophilia (Table E5 , signature #56) 25 was significantly more enriched (dES 5 0.30; P < .01) in adult-onset compared with childhood-onset asthma. In addition, a set of genes specific for mast cells (Table E5 , signature #52), 25 was more enriched both in sputum (dES 5 0.33; P 5.01) and in endobronchial brushings (dES 5 0.27; P 5 .02) of adult-onset patients with severe asthma (Table III; Figs 3 and 4) . However, a wide scatter of ESs of this mast cell gene signature was observed among patients with adult-onset severe asthma especially in sputum (Fig 4) . Furthermore, 2 gene signatures associated with the activation cascade of macrophages were differentially enriched in adultonset asthma: first, a set of upregulated genes in macrophages stimulated with GM-CSF and IFN-g (Table E5 , signature #87), 22 which corresponded to M1-like macrophages, was less enriched in sputum of patients with adult-onset severe asthma (dES 5 20.20; P < .01), whereas a signature of downregulated genes in GM-CSF-differentiated monocyte-derived macrophages (Table E5, signature #98) 22 was more enriched in nasal brushings (dES 5 0.20; P 5 .01) of patients with adult-onset severe asthma, suggesting lower levels of macrophage activation. Finally, the gene signature associated with the presence of group 3 innate lymphoid cells (ILC3s) in a murine model (Table E5, signature  #104) 26 was significantly more enriched in nasal brushings (dES 5 0.31; P < .01). Notably, 2 gene signatures associated with type 2-high inflammation in asthma tended to be significantly more enriched in bronchial brushings of patients with adult-onset severe asthma (ie, type 2-high inflammation in asthma [dES 5 0.19; P < .01; Table E5, signature #13] 27 and IL-13 inflammation [dES 5 0.18; P 5 .02; Table E5 , signature #101]) (Fig 5) .
Induced lung inflammation gene signatures
Finally, gene signatures consisting of a set of downregulated genes identified in a murine model after bleomycin-induced injury were significantly more enriched in nasal brushings and bronchial brushings of patients with adult-onset severe asthma (Table III; Table E5 , signatures #10-12). 23 Furthermore, a set of genes that is upregulated in mice after the administration of Poly(I:C) (Table E5, signature #13) 28 was found to be less enriched in the sputum of patients with adult-onset severe asthma (dES 5 20.21; P 5 .01).
DISCUSSION
This study shows that differentially enriched gene signatures can be identified in nasal brushings, sputum, and endobronchial brushings in patients with adult-onset severe asthma as compared with patients with childhood-onset severe asthma. These gene signatures suggest that multiple underlying pathways play a role in adult-onset severe asthma. Identified gene networks are associated with well-recognized inflammatory characterizations, such as eosinophilic airway inflammation, but also newly recognized inflammatory pathways, such as ILC3 pathways. Furthermore, the remarkably polarized differentiation of the gene signature associated with mast cells suggests that these inflammatory cells may be an important cell that contributes to adult-onset severe asthma. J ALLERGY CLIN IMMUNOL VOLUME 141, NUMBER 4 This study is the first to assess gene networks associated with adult-onset severe asthma. We have used GSVA, a technique that allows identification of gene signatures even in heterogeneous samples, with adjustments for major confounding factors such as smoking status and oral corticosteroid usage. 13 This approach has identified newly recognized as well as previously described pathways 5, 9, 29, 30 that distinguish adult-onset severe asthma from childhood-onset asthma. First, this included gene signatures in adult-onset severe asthma that are associated with eosinophilic airway inflammation. This corroborates with findings in patients with mild/moderate and severe asthma with onset during adulthood. 6, 9, 31 Second, ILC3-associated gene signatures were identified. Previous studies have shown that ILC3s may play a role in subsets of asthma, such as obesity-associated asthma and neutrophilic asthma. 32 However, this is the first study to find an association between adult-onset (severe) asthma and ILC3. Third, our data are strongly pointing toward the presence of mast cells in a subset of patients with adult-onset severe asthma. A role for mast cells in asthma has been described before, [33] [34] [35] but never before an association with adult-onset severe asthma in particular was shown.
The strengths of this study are the following. In the U-BIOPRED study, processing and analysis of mRNA were performed centrally to provide optimal final data. By using a statistical technique (GSVA) that allows detection of underlying mechanisms, especially in heterogeneous samples, we were able to identify gene networks associated with pathways that have not been described before. This technique enabled detection of pathways, such as mast cell involvement, that could not be detected by conventional cell count methods in sputum. On the other hand, gene signatures associated with leukocytes that can be detected by these conventional techniques, such as eosinophils, were identified by GSVA, validating this technique. In addition, potential selection bias in this analysis was limited by correcting for smoking status and steroid usage. On the other hand, no correction for cell counts (eg, eosinophils) was applied, because this could result in underdetection of actual pathways involved in adult-onset severe asthma.
Nevertheless, the study also has particular limitations. The categorizing of patients as adult-onset versus childhood-onset asthma was based on questions in the electronic Case Report From (eCRF), potentially including recall bias. This was inevitable in the present cross-sectional design. Moreover, even though we corrected for steroid usage, we cannot exclude differences in adherence to steroids between patients with adult-onset and childhood-onset asthma. The Medication Adherence Rating Scale questionnaire was obtained in all patients in this study, and did not differ between patients with adult-onset severe asthma and patients with childhood-onset severe asthma (P 5 .79). This may provide an indication that compliance was comparable between the groups, thereby not affecting the results. We have assessed gene signatures in different compartments from patients within the U-BIOPRED cohort that did not fully overlap (Fig 2) . This may have caused incomplete concordance of identified gene signatures between the sample types (Table III) . However, the fact that some of the gene signatures were identified in multiple tissues strengthen our observations and the discovery of potentially underlying mechanisms. Furthermore, GSVA is a bioinformatics technique that uses predefined sets of genes derived from previously published studies to form gene signatures. Obviously, these studies have had inevitable flaws in their experiments, which could not be taken into account in the present analysis. In addition, some of the gene signatures were derived from murine model studies, which can only be extrapolated very cautiously to human severe asthma. However, by a priori allowing all available gene signatures in the analysis, including those derived from murine models, potential identification of previously unrecognized underlying pathways was purposely enabled by recommended selection criteria of significant and meaningful signatures. It needs to be emphasized that murine models will certainly deviate from human disease and it remains to be established whether the murine signatures can be used to identify phenotypic differences in severe asthma. Different gene networks have been identified in the different airway compartments (eg, nasal brush and bronchial brush), implying variable disease mechanisms within patients with adult-onset severe asthma. However, the lack of complete overlap between samples makes it impossible to reject the hypothesis of ''united airways'' in this disease. 36 Finally, the present study population did not include an independent test set or split-half analysis for validation purposes. The sample size of the biological specimens did not allow this. However, we took stringent measures to restrain false discovery by following the standardized Microarray Consortium for Quality Control recommendations for the importance of applying group-difference thresholds for gaining best reproducible results. 21 This has resulted in a rejection of more than 70% of the gene signatures with a P value of less than .05 due to a dES of less than 0.2, as shown in Fig E1 . On the basis of the nature of this discovery study, we can only speculate about the potential involvement of the identified pathways in adult-onset severe asthma. We have for the first time associated ILC3s with adult-onset severe asthma. The meaning of this result remains to be established, because of the recently observed plasticity of innate lymphoid cells, 37 and IL-17-associated (promoted by ILC3) 38 gene signatures were not identified to be significantly associated with adult-onset severe asthma. Our results, however, are strongly indicative of mast cell involvement in a subset of adult-onset severe asthma, which goes beyond a general role for mast cells in refractory asthma. 35 This may fit in with recent observations by Wang et al 39 who showed that mast cell phenotypes as measured by RNA expression profiles are associated with clinical expression of the disease. Elucidating the role of mast cells in adult-onset severe asthma could result in novel targets for subgroups of this difficult-totreat disease. Notably, both eosinophils and mast cells are characterized by IL-33 receptors, 40, 41 which have been associated with asthma and progression of the disease. 42 This generates the hypothesis of IL-33 pathways to be involved in adult-onset severe asthma in particular.
We did not identify induced lung injury and/or fibrosisassociated gene signatures in adult-onset but rather in childhood-onset severe asthma. It has been hypothesized that the epithelial vulnerability and impaired injury repair are important drivers in the onset and course of asthma. 43 Low enrichment of these gene signatures, which we identified in adult-onset severe asthma, may result in impaired injury and repair, which could lead to increased airway inflammation and remodeling. This would corroborate with recent findings of a clinical study in severe asthma in which eosinophilic inflammation and remodeling were associated with late-onset disease. 44 Finally, no significantly differentially enriched gene signatures were identified in bronchial biopsies. This may seem unexpected, but could be underlined by the heterogeneity of cell types within the bronchial biopsies precluding detection of gene expression profiles, in contrast to the more homogeneous samples from the nasal and bronchial brushings and sputum.
What is the clinical relevance of our data? Unraveling the underlying mechanisms of severe asthma and its subtypes is needed to improve treatment of severe asthma. 45 This particularly holds for adult-onset severe asthma, which often does not respond to regular treatment options such as steroids. Targeted treatments are becoming available for blocking IL-4, IL-5, 46 and IL-13 of the T2 pathways. 4, 47 Our results of this explorative study are suggestive that other pathways could be examined for targeted treatment in patients with adult-onset severe asthma, including mast cells in a subset of these patients, ILC3, and IL-33.
In conclusion, adult-onset severe asthma not only represents a clinically heterogeneous phenotype but also is associated with multiple gene expression profiles that indicate complex underlying pathways involving eosinophils, ILC3s, and mast cells. These point toward possible new targets that could represent targeted treatments for subgroups of adult-onset severe asthma.
